Abstract: ε-Caprolactone (CL) was reacted with PGA oligomers in ionic liquids in the presence of Ti(OBu) 4 , both ring-opening polymerization initiator and polyesterification catalyst. C NMR studies showed that the fast polymerization of CL was followed by simultaneous slow polyesterification and ester-interchange reactions leading to random PGA/CL copolyesters after 6 h reaction. The nature of the catalyst and the ionic liquid did not influence much reaction rate. Hydroxyacetyl end-groups appeared to be much less reactive than the corresponding hydroxycaproyl end-groups, which were consumed at the beginning of reaction. The 50/50 and 60/40 oxyacetyl (G)/oxycaproyl (L) (mass-%) copolyesters were amorphous, while copolyesters containing larger amounts of G units were semi-crystalline. The variations of the T g of all copolyesters versus composition follow the Flory-Fox law.
Introduction
Poly(ε-caprolactone) (PCL) and Poly(glycolic acid) (PGA) are linear polyesters of great interest for medical applications such as surgical sutures, internal bone fixations or drug carriers. PCL has been considered as an attractive degradable synthetic polymer for a long time. Its excellent solubility and thermal properties, good permeability and non-toxicity made it a good candidate for biomedical applications [1] . PGA is another degradable, semi-crystalline, non-toxic polymer showing excellent mechanical properties. It was the first synthetic biodegradable polymer used as suture [2] . However, its high melting temperature (220 °C), high crystallinity and low solubility limit its applications. In order to tune PGA properties, a number of copolymers were synthesized by copolymerizing glycolide (GL) with monomers such as lactide, ε-caprolactone and trimethylene carbonate [3] [4] [5] . Copolyesters of glycolide (GL) and ε-caprolactone (CL) are particularly interesting because their chemical, physical and mechanical properties can be easily adjusted in a broad range by varying the CL/GL ratio. To date, one PGA-PCL copolymer known as Monocryl is industrially produced in large scale by a two-step CL-GL copolymerization in the presence of stannous octoate [3] .
Kricheldorf et al. [6] described the syntheses of PGA-PCL copolymers with cationic, anionic and coordination initiators in nitrobenzene, dioxane or in the bulk at high temperatures. Since then, a number of research groups studied the copolymerization of GL and CL, using various initiating systems and various reaction conditions [6] [7] [8] [9] [10] [11] .
In this context, we undertook a study of the synthesis of PGA and PGA-PCL copolyesters in ionic liquids. Ionic liquids are salts composed of cations, such as imidazolium, pyridinium or ammonium, and of anions, such as chloride, bromide or hexafluorophosphate, that are liquid at room temperature. They have recently been described as new green reaction media of the future [12] [13] . A number of organic reactions [14] [15] [16] [17] [18] [19] [20] have been investigated in these new solvents, as well as polymerizations, mainly free-radical [21] [22] [23] [24] [25] [26] , electrochemical [27] [28] , cationic [29] and enzyme-catalyzed [30] polymerizations. However, only a few articles deal with polycondensation reactions in ionic liquids [31] [32] [33] [34] [35] .
In a previous work, we reported on the polycondensation of glycolic acid (GA) and on the post-polycondensation of PGA oligomers in ionic liquids, mainly in 1,3-dialkylimidazolium salts [36] We showed that PGAs of DP n = 45 can be obtained by the post-polycondensation of a preformed oligomer in 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide (BMIm + Tf 2 N -). However, the precipitation of PGA in reaction medium at long reaction times limited the achievable molar mass. Since reacting polyesters with ε-caprolactone monomer (CL) is an efficient way of copolyester synthesis [37] , this work reports on the reaction between CL monomer and a PGA oligomer carried out in BMIm + Tf 2 N -and BMIm + BF 4 -ionic liquids, to obtain copolyesters exhibiting better solubility. The incorporation of CL units in PGA chains and the changes in copolyester microstructure under various reaction conditions were followed by NMR spectroscopy and DSC analyses.
Results and discussion
PGA/CL (50/50 mass-%) copolyesters were synthesized by reacting a PGA oligomer with ε-caprolactone (CL) in 1-butyl-3-methylimidazolium tetrafluoroborate As soon as the reaction medium was heated, CL polymerized and PCL was formed, which immediately underwent ester interchange reactions with PGA, resulting in the formation of a PGA-PCL copolyester. Unlike PGA homopolyester [36] , the copolyesters remained soluble in the ionic liquid reaction medium at the copolymerization temperature. 3 ). This reflects a much higher reactivity of L-OH with carboxy end-groups and/or ester groups in the chains than G-OH (Scheme 2). As a consequence, the reactivity of G-OH end-groups controls the kinetics of polyesterification and ester-interchange reactions during the most part of reaction.
Scheme 2. Mechanism of polyesterification and ester-interchange reactions in the synthesis of PGA/CL copolyesters.
The methylenes in oxyacetyl units (G) give a series of singlets in the 4.5-5 ppm range. The downfield resonance at 4.82 ppm (H a ) was assigned to GGG triads by comparing with the spectrum of PGA [36] . The series of more shielded peaks (H b,c,d ) are due to LGG, GGL and LGL triads. The less intense peak (H d ) was unambiguously assigned to the statistically less numerous LGL triads and H b and H c peaks to GGL and LGG (or LGG and GGL) triads. The other small peaks were assigned to low molar mass oligomers and to G-COOH end-groups.
Fig. 2.
Copolymerization of PGA oligomer with ε-caprolactone (50/50 mass ratio) at 220 °C with 0.5 mass-% of Ti(OBu) 4 
Upon prolonged heating, polyesterification reactions between hydroxyl and carboxyl end-groups, and ester interchange reactions resulted in the formation of random PGA/CL copolyesters of higher molar mass: (i) The randomization of copolyester is clearly reflected by the increasing fraction of LG diads with reaction time (variation of H g and H h relative intensities) and (ii) the decrease of H k integral (G-OH end-groups) shows that polyesterification reaction take place simultaneously, resulting in molar mass increase. 
The
13 C NMR spectrum of final copolymer, assigned according to ref [6] , is presented in Figure 3 . The insertion of L units in PGA chains is shown by the presence of carbonyl resonances corresponding to LG diads and to LGL, GGL and LGG triads in the 165-175 ppm range. Similarly, the GL and LL oxymethylenes of caproyl units give distinct resonances in the 59-66 ppm range.
Both polyesterification and ester-interchange reactions can be quantitatively followed by 1 H NMR. The DP n of copolyesters can be calculated using the following relationship: (1) where I(x) represents the integral of H x methylene peak and where the contributions of carboxy end-group methylenes (H n 
DP n = [I(a-d) + I(k) + I(g-h)]/I(k+m)

and H l ) is included in I(a-d) and I(g-h),
respectively. The variation of DP n with time is linear, which agrees with the secondorder reaction mechanism generally found for catalyzed polyesterifications [38] ( Figure 4) .
L-and G-type average sequence lengths and the degree of randomness (B) of copolyesters can be calculated from the following relationships:
The degree of randomness varies between 0.56 (t = 30 min) and 0.96 at the end of reaction (t = 360 min), meaning that ester interchange reactions resulted in the formation of a random copolyester. Similar results were obtained when the reaction was carried out in BMIm + BF 4 -instead of BMIm + Tf 2 N -, and when Ti(OBu) 4 catalyst was replaced by Zn(OAc) 2 . The degree of randomness of all copolyesters was close to 1 and DP n close to 30 ( Table 2) . As previously reported for PGA homopolymer polyesterification carried out in ionic liquids [36] , the nature of catalyst does not much influence the reaction.
Tab. 2.
Chain microstructure of PGA-ε-caprolactone (PGA-CL(50/50)) copolyesters synthesized in ionic liquids with 0.5 mass-% catalyst after 240 min reaction: Degree of randomness (B), average sequence length of oxyacetyl (G) and oxycaproyl (L) units ( L n (G) and L n (L) ) and DP n , determined by 1 H NMR. 4 . The thermal properties reported in Table 3 show a continuous decrease of melting temperature and enthalpy when CL content increases. The 50/50 copolyester is amorphous, which is not surprising in view of its very short G-and L-type sequence lengths. For all compositions, only one glass transition temperature is observed, which decreases when CL content increases, reflecting the incorporation of increasing amounts of L units in the amorphous phase. The T g of the amorphous phase follows the Flory-Fox law with T g (PCL) = -58°C and T g (PGA) = 33°C ( Figure 5 ).
Tab. 3.
Thermal properties of PGA-CL copolyesters synthesized in BMIm + Tf 2 N -at 220 °C for 6 hours with 0.5 mass-% Ti(OBu) 4 : Glass transition temperature (T g ), melting point (T m ), melting enthalpy (∆H m ) and 5% mass loss temperature (T 5% ). 
Conclusions
The reaction of ε-caprolactone (CL) with PGA oligomers in ionic liquids proceeds in two steps: a rapid CL polymerization followed by simultaneous polyesterification and ester-interchange slow reactions leading to random PGA/CL copolyesters of DP n ca.
35 ( M n = 2900) on prolonged heating (6 h reaction). Hydroxyacetyl end-groups appear to be much less reactive than the corresponding hydroxycaproyl end-groups, which are consumed at the beginning of reaction. This limits the overall reaction rate to values similar to those observed for glycolic acid homopolyesterification [36] . The results are not much influenced by the nature of catalyst and of ionic liquid. The DSC study shows that 50/50 and 60/40 G/L (mass-%) copolyesters are amorphous, while copolyesters containing larger amounts of G units are semi-crystalline. The variations of the T g of all copolyesters versus composition follow Flory-Fox' law.
Experimental part
Chemicals 1-Methylimidazole, 1-chlorobutane, 1 bromobutane (Aldrich) were distilled before use. Lithium bis(trifluoromethylsulfonyl)imide (LiTf 2 N), sodium tetrafluoroborate (NaBF 4 ), glycolic acid, ε-caprolactone Ti(OBu) 4 and Zn(OAc) 2 .2H 2 O (Aldrich) were used as received.
Synthesis of ionic liquids
1-Butyl-3-methylimidazolium tetrafluoroborate (BMIm + BF 4 -) and 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide (BMIm + Tf 2 N -) were prepared following the method of Huddleston et al. [39] and Bonhôte et al. [40] , respectively.
Synthesis of poly(glycolic acid) oligomer
In a typical run, 50.0 g of glycolic acid (0.66 mol) were introduced into a 200 mL glass reactor equipped with a nitrogen inlet and outlet and a central mechanical stirrer. The mixture was heated at 180 °C under stirring at atmospheric pressure for 2 hours and then under reduced pressure (30 mbar) for another 2 hours. Samples were withdrawn at intervals in order to monitor the reaction by 1 
Reaction between poly(glycolic acid) oligomer and ε-caprolactone in ionic liquids
The procedure is described below for a 50/50 mass/mass PGA-PCL copolyester: 3 g of PGA oligomer, 3 g of ε-caprolactone, 6 g of BMIm + Tf 2 N -and 0.5 mass-% of Ti(OBu) 4 were mixed in a 100 mL three-neck round bottom flask equipped with a nitrogen inlet and outlet and a magnetic stirrer. The reaction mixture was heated at 220 °C for 6 hours. Reaction medium samples were withdrawn at intervals in order to monitor the reaction by 1 H NMR. After cooling down to room temperature, final copolyester was recovered by precipitation in ethanol, filtered, washed with ethanol and dried under vacuum at 80 °C. The PGA-ε-caprolactone copolyesters were noted PGA/CL(m 1 /m 2 ) where m 1 /m 2 represent the mass ratio of PGA and lactone in starting reaction medium. Final copolymer composition was calculated from 1 H-NMR spectra. Thermogravimetric Analysis (TGA): was carried out on TA-Instrument Q50 equipment at a heating rate of 20 °C/min in flowing nitrogen.
Analytical methods
Differential
NMR Spectroscopy: Samples withdrawn from reaction medium (ca 20 mg) were dissolved in 1 mL CDCl 3 . For the samples withdrawn at t = 10 and 30 min, the resulting solution was filtered to eliminate the insoluble part. 1 H and 13 C NMR spectra were recorded on a Bruker AC300 spectrometer in CDCl 3 solutions (refs. δ(CHCl 3 ) = 7.26 ppm and δ(CDCl 3 ) = 76.9 ppm).
